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SUMMARY

This paper presents the algorithms and logic for use in the implementation
of instrument landing system (ILS) localizer signals for the generation of
navigation information for initial approach guidance. Navigation position
estimates are based on position updates determined from range informa-
tion measured from a DME station (not necessarily colocated with the ILS
antennas) and ILS localizer angular information. ILS volumetric coverage
and DME geometric checks are performed to ensure that proper radio navigation
inputs are being utilized. These algorithms and volumetric and geometric
checks are designed so that they could be added to area navigation systems
utilizing position difference information to détermine navigation estimafes

with minimum software modification.

INTRODUCTION |

Flight tests with the NASA TCV B-737 airplane (ref. 1) have shown that
its area naviggfion system can provide new guidance information presented
on cathode ray tube (CRT) disp]ays thaf results in improved 1atera1and
vertical flight path tracking during an approach to landing. Additional
operational experience (ref. 2) has shown that the area navigation system
can also provide guidance for flight along curved paths to avoid noise
sensitive areas during an approach to landing. To complement the approach

to landing guidance, the navigation computer must provide an accurate
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estimate of the airplane's position.

The TCV area navigation system provides an estimate of position from
position updates derived from various radio navigation facilities énd
inertial navigation system derived velocity. It normally uses dual DME radio
inputs for enroute navigation and has used microwave landing system sign.is
for precision navigation to provide‘approach and landing guidance. To ensure
that the best possible position estimate is obtained while operating in an
area of instrument landing system (ILS) signal coverage, algorithms and logic
have been developed that Wi11 utilize localizer signals and range information
from a single DME station.

The purpose of this report is to describe the equations and logic used
to generate a navigation position estimate in the ILS localizer signal |
environment. The equations used to calculate position difference components
dérived from 1) ILS localizer deviation measurements and randomly located
DME range measufements and, 2) only ILS 1oca1izer_deviétion measurements are
described. A summary of the NASA TCV B-737 airplane's estimate process will

also be described so that the total navigation process may be shown.

- SYMBOLS

A - distance between the DME and ILS localizer antenna - n.mi.
a - East component of A - n.mi.

b - North component of A - n.mi.

D - DME corrected for slant range - n.mi.

D’ - DME slant range - n.mi.

DME - distance measuring equipmeht
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position difference vector

component of the position difference vector, DP, perpendicular
to the runway centerline

magnitude of vector ﬁ?ﬁ - n.mi.
Cyc]e interaction time of navigation computer - sec

ellipticity constant, 0.003367

‘altitude of aircraft above mean sea level - m

altitude of DME antenna above mean sea level - m
altitude of ILS localizer antenna above mean sea level - m
unit coordinate vectors

navigation update mode; inertial velocity, ILS localizer, and
DME

instrument landing system

navigation update mode; inertial velocity and ILS localizer
position update gain

velocity updatelgain

outer radial 1imit of localizer volumetric check - n.mi.
inner radial limit of localizer volumetric check - m

axes of orthogonal coordinate system oriented towards True
North

angTe formed by the vector 2m and a line between the airplane
and DME antenna - deg

Earth radius - m
Meridional radius of curvature - m
Normal radius of curvature - m

unit vector perpendicular to the runway centerline
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North and East components of system velocity estimate - kts
North and East components of inertial ground speed - kts

axes of orthogonal coordinate system oriented along the
runway centerline

coordinates of vector Z_  transformed into the X', Y'
coordinate system

airplane's estimated position vector

magn1tude of Z the airplane's estimated position vector -
n.mi.

North and East component of Z the airplane's estimated
position vector - n.mi.

airplane's measured position vector
magnitude of 7M - n.mi.
North and East components of 7“

vector of airplane's position estimated radially along the
measured localizer deviation angle

magnitude of position vector ZR - n.mi.

North and East components of position vector 7k

angle formed by the DME antenna, origin, and measured
airplane position - deg

angular 1imit about angle P where DME signal usage will be
inhibited - deg

North and East components of position difference -n.mi.
North and East components of system velocity update - kts
latitude and longitude update estimate - deg

localizer deviation angle - deg




u - relative angle between the DME & ILS Tocalizer antenna - deg

doME ADME - latitude, longitude of DME antenna location - deg

o> Ae - latitude and longitude of airplane position estimate - deg
6o Ao - latitude, longitude of ILS Tocalizer antenna location - deg
wR - runway heading relative to true north - deg
Q - vertical angular limit of ILS localizer volumetric check - deg
w | ‘- lateral angular limit of ILS localizer volumétric check - deg
Subscripts:
t - time
DISCUSSION

NAVIGATION POSITION ESTIMATE DESCRIPTION
Position Difference

The TCV B-737 navigation computer is software controlled (ref. 3 and 4)
to select and tune two appropriate DME and/or VOR stations in the vicinity
of the airplane. A position difference between the point defined by the distance
and/or azimuth information received from the stations and the previous position
estimate is determined. This position difference is divided into North and East
components to be used to calculate a new position‘estimate.

Other sources of navfgation information may also be used to determine
position differences. While operating in the ILS localizer environment, these
position difference components are calculated with localizer and DME information.
This estimation mode is shown on the pilot's electronic map display as ILD

(inertial, localizer, DME). If no DME is available, the estimation mode is ILX.



Position Estimate
In the TCV B-737 airplane's navigation system, the same position
estimation calculations are used regardless of the manner in which the
position difference is determined. The first step in the position estimate

process is to develop a system velocity update from the position difference.
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A system velocity estimate is obtained by summing the system velocity
update with ground speed obtained from the inertial navigation system.

V, = AV, + 1
Ny Ny
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A position update, in terms of latitude and longitude, is obtained using
the system velocity and the position difference as follows:

Apy = (th At + K] APNt)/RMt

Ah, = (Vo At + K, AP. )/R
t = Ve, 1 %P Ry,

This position update is based on an oblate spheroid earth model (ref. 3) by
using appropriate radii of curvature in the North/South and East/West

directions.

R Re(1 = 2F + 3F sin o, ) (North/South)

= H +
M Ta/cy t-1
Ry = [H )] cos ¢ (East/West)

Ne /ey £-1 €9

The updated position estimate is found by summing the previous

. 2
+ RE(l + F sin ¢e



position estimate with the position update terms.
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ILS/DME (ILD) POSITION ESTIMATE
General Solution

Figure 1 shows the geometry of the ILS antenna, the DME antenna, the
airplane's position estimate and its position as measured with ILS Tlocalizer
and DME information, and the runway with an extended centerline. An
orthogonal coordinate system, with its origin placed on the ILS localizer
antenna, is oriented in a True North direction. Since the DME may be either
automatically or manually selected within geometric constraints relative to the
airplane, it is not required to be co-located with the ILS localizer antenna.

By determining the relative geometry between the ILS localizer antenna
~and the DME and the airplane's position measured with the localizer and DME
information, the vector between the origin and the airplane's measured
position, 7Mt,may be found. The vector between the origin and the airplane's
previously estimated position, Zé o may be found directly from their known
latitudes and longitudes. The desired position difference used to form a new

position estimate may then be found by subtracting 7Mt from 2ét .

Calculation of the Airplane Position Vector 7M
_ t
Figure 1 shows that 7& is one side of the triangle formed between the
t ' ' :

origin (ILS localizer antenna), the airplane's measured position, and the



DME antenna. Known quantities used to determine 7Mki" this triangle include
the runway heading, wR; the slant range of the DME, D'¢ the ILS Tocalizer
deviation angle relative to the runway centerline, nt;and}the latitudes
and longitudes of the DME antenna,<pDME, ADME; and the ILS localizer antenna
location qb, Ao'

Figure 2 shows the angular geometry and distance between the origin
and DME antenna, A. The length A and the relative angle between the DME
antenna from the North axis, u, remains constant and is calculated only
once. If a new DME is tuned, then A and u are recalculated. |

The length of A is determined by vectorially summing its components

a and b.

, 6.+ .
_ 0 DME n.mi.

a = (Apyp - A,)(60) cos ————

b = (¢DME - ¢0)(60) | n.mi.

A = a2 + b2 n.mi.

The angle u is found by
U= tan”! [a/b] 0<uc<2n

The angle QUys formed bv side A and vector 7h » may charge with airplane
t
movement and should be continuously recalculated. Angle oy has a range
between o and w, inclusive, and is found by

oy 2r -u + ‘(vR - “t) .




If the absolute value of qtis greater than v, then:
_ at=|2w - at|

The magnitude of the DME reading as measured in the airplane, D'e is

the slant range distance between the ground-based DME antenna and the airplane

This distance was slant-range-corrected to determine the ground distance, D_,
between the airp]ané and DME

H - H
b= DY sin[cos'] a/ct DME] .
D‘t

Angle % is formed by the vector ZMtand side QT This angle may
continuously vary and is calculated 20 times per second. Knowing the relation
Ay = Dy

sinP_t sinat
angle Rtis determined by

A .
P = sin'] [—Biinoct;l .

It must be determined if angle Py is an obtuse or an acute angle. This

is accomplished by comparing the square of side A with the sum of the square

o7 side D and the square of the magnitude of the estimated airplane pbsition
vecter, Z Hence, = _ . . 2 2 2
t-1 Sin~! Ay sin oy if Ay <D Zy
D t-1
Py ¢ 2
- sin”} ﬂz_sin ay if A, > D

D

t * Ze
t
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The magnitude of 7; is used as an approximation for Z,,
t-1 t
of 2 is: '
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z .= (o - 60
eNt-] et_] ¢0)()

Z (A

- 2 )(60) cos % * %
S R B ot

t-1
2
The magnitude of 7Mtis found by

ZMt= A cos (o) + D.cos (P ).

The North and East components of 7ﬁzare found knowing the angle,
-n, ), between the North axis and Z -
(‘PR rlt) Mt
ZMNt= ZMtcos (wR-nt)
ZMEt= ZMtsin (wR-nt)
1
lCa]culated of the Position Difference in North and East Components: APN ,

t

AP_-ILD Update Mode

E

+

The position difference, in North and East componénts. is now found

by subtracting the North component of 7; from the East component of Z,, and

- t
the East component of fét . from the East component of 7H .
- . t
AP, = L -7 '
N TeNg g MN,
AP. = ZeE -1
Et t-1 MEt

These position difference components are then used directly in the

navigation position estimation algorithms described previously.

ILS LOCALIZER ONLY (ILX) POSITION ESTIMATE
General So]ution]
In the event that a DME can not be tuned, the navigation computer will

utilize the ILS localizer signal and inertial velocity to determine a position

IThe ILX position estimation mode was developed by the Boeing Commercial Airplane

10 Company at the NASA's request.



estimate. Figure 3 shows the geometry of the ILS ]oca]izervantenna, the
airplane's position estimate and its estimated position on a measured localizer
devfation angle, and the runway with an extended centerline. An orthogonal
| coordinate system, with its origin placed on the localizer antenna, is
oriented in a true north direction.

Radio position .difference in the ILX update mode is limited to a directibn
perpendicular to the runway centerline. Since no DME information is
available, a radio position differencé cannot be developed in a radial direction
from the localizer antenna. However, inertial velocity is still utilized
in the radial direction and will supply inputs for a new position estimate
in the position estimate algorithms.

North and East position estimates are found in the following manner.

A position difference vector, EE, is found by subtracting the estimated

position vector, Zet . from the estimated position vector on the measured

localizer deviation angle, jﬁt. The component of ﬁq perpendicular to the
runway is found and broken into North and East components. These components

are used in the navigation position estimate algorithms.

Calculation of ﬁ§£

To determine DP, it is necessary to calculate the position estimate

t
vector,fet P in North and East components from the latitudes and lonaitudes.
of the last position estimate and the ILS localizer antenna location.
ZeNt_1 = (60) (éet-] - ao)

1



z (60) (x - 1) cos
e,1 0

Z =7 i+ Z J

€9 t-1 eNi

A vector th,of the airplane's estimated position along a measured

eEt_]

~

ek

lTocalizer deviation angle is determined in the following manner. Since no
radio updates can be obtained in a radial direction from the localizer
antenna, it will be assumed that the estimated radial distance from the origin

is correct. Hence, the vector length of 7h and Zé will be the same

t t-1

(directions may differ to obtain ﬁﬁi).

and Z is:
€+-1

The length of 7k
t

2 2
z, = z. =122 + 1
Re e YNy TeR

The North and East components of 7ﬁ:are found knowing the angle,

(WR"E) between the vector fk and the North axis. .

t
Z = Z, cos (yp-n,)
RNt Rt' R 't
Z = Z, sin (y,-n,)
REt Rt . R E
7 = ZREt1+Z

Ry

DPtis found vectorially

J
RNt

DPt= L, -1

R &

Calculation of the Position Difference: APN R APE - ILX Update Mode
o t t
The magnitude of the component of‘ﬁi perpendicular to the runway
centerline is obtained by the vector dot product of'ﬁq with a unit vector,

G, perpendicular to the runway centerline. This results in the magnitude

12



of the position difference. This magnitude is then multiplied times
the unit vector'to obtain the position difference in Horth and East
components. These components are then used directly in the navigation
position estimate algorithms.
The unit vector, G, shown in figure 3, is:
G = - COS (wR) ? + sin (wR) 3
The magnitude of the component of ﬁq perpendicular to the runway

centerline is:

DP_- u

DpP
P t

P
t
The North and East components of the position difference are:

P = - (ZREt - ZeEt_1) cos (ug) + (ZRNt - ZeNt_]) sin (yp)

AP DPp sin (wR)

t t

= -DP, cos (y,).
t Pt R

These position difference components are then nsed directly in the

N

APE

navigation position estimate algorithms.

ILS LOCALIZER/DME/AIRPLANE POSITION VALIDITY CHECK
Since random DME selection, automatic frequency tunning, and other
means of automatic software control will be utilized in the navigation
computer, a check must be made to ensure that the navigation computer is
using appropriate navigation data that will result in accurate position
updating. Obvibus1y, if improper navigation data are being utilized, position

estimates based on that data must be inhibited.

13



To preclude the pogsibility of using the wrong ILS localizer navigation
data, a Vo]umetric geometry check is made.to determine if the airplane's
position estimate is within the localizer azimuth boundaries. If the
airplane is not within these boundaries then ILS updating is inhibited.
These boundaries include lateral and radial 1imits of coverage as shown in
Figure 4. The lateral limit of the localizer angle of coverage is +u from
the back azimuth antenna. Radial 1imits require that the airplane be within
L n.mi. of the localizer antenna, but not c]pser than M meters. A vertical
angular limit of Q degrees from the Iocaiizer antenna is also applied to
ensure that the airplane's altitude does not exceed the localizer
signals vertical coverage. Localizer back course information is not used
for updating since all back course signals will not provide valid navigation
information.

A new orthogonal coordinate system, with its origin located at the ILS
localizer antenna and X' axis parallel to the runway centerline, was used to
make the geometric checks. To make the checks, the North and East componenté
of the estimated position vector Zet-], are transformed into the new X', Y'
coordinate system as follows:

X' =1 cos (v,) + Z sin (yp)
eNt_] R | eEt_] R

sin (y,) - Z cos (Yp).

£-1 'R eEy 4 R

The lateral azimuth check is then

-
1

- ZeN

-X' tan . <Y'_ < X' _ tan w.
e e

The radial check is
M meters < X' <L n.mi.
—— %_
The vertical check is

H_ + X' tan Q.
0" g

., <
14 a/q =



A geometric check (figure 5) of the DME ground station's location relative

to the airplane and runway centerline is continuously performed to prevent

the possibility of large position estimate errors caused by the DME inputs.

As the angle P formed by the localizer antenna, airplane, and DME ground
station, approaches 90°, small errors from the DME range information can
result in significantly larger radial position errors along the localizer
deviation angle on which the airplane is 1ocafed. Hénce, if angle g:fa1ls
within a prescribed angular boundary, B, about P=90°, the DME signal will

not be used and a new DME will be tuned or ILX updating will occur. This
geometric check is defined as

F+8) <B<(z-8).

CONCLUDING REMARKS
Flight operatibns of the NASA TCV B-737 airplane have shown the benefits
of using the area navigation computer to provide guidance to fly within the
ILS area of coverage. Its area navigation system may use various radio

“inputs to calculate a position estimate for course guidance.

ILS Tocalizer deviation signals may be utilized on the TCV B-737 airplane
by algorithms that.generate position difference information for use in the area
navigation system. These algorithms areAdeéigned so -that they may bé
added to area navigation systems.uti1izing position difference jnformétion to

determine navigation estimates with minimum software modification.

15
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Figure 1.- ILS localizer, DME, airplane estimated and measured positions, and runway with
an extended centerline geometry--ILD update mode. '
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Figure 2.7 Vector 7M triangle components--ILD update mode.
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Figure 3.- ILS localizer, airplane estimated and measured deviation angle positions,
and runway with extended centerline geometry--ILX update mode.
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Figure 4.- Lateral and radial ILS localizer geometry limits.
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Figure 5.- DME ground station geometry check for ILD position updating.
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